The major achievement in the field of III-nitride semiconductors made so far are mainly limited to c-plane GaN grown on (0001) sapphire, represented by high brightness InGaN/GaN based blue emitters. However, this polar orientation generates a number of fundamental issues, preventing further development in the field of III-nitride semiconductors, in particular, long wavelength optoelectronics. For instance, a strong piezoelectric-field induced polarization effect as a result of InGaN/GaN emitters grown along the polar direction leads to a reduction in overlap between electron and hole wavefunctions and thus a reduced quantum efficiency. [1] [2] [3] This becomes more severe when emitters move toward longer wavelengths, such as the green and yellow spectral region, generating so-called "green/yellow" gap issue. A further greater barrier to overcoming the "green/yellow" gap is due to an extreme difficulty in enhancing indium incorporation into GaN due to the large lattice mismatch and miscibility between InN and GaN. One clear way forward, meeting the fundamental challenges, is to grow along a semi-polar direction, in particular, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] direction. It has been predicted that (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) surface leads to easier accommodation of larger indium atoms than either polar-or non-polar surface, 4 favoring the growth of high indium content InGaN layers which are necessary for green or yellow emitters.
Currently, the major challenge is due to the crystalline quality of semi-polar GaN, which is far from satisfactory. So far, semi-polar GaN with device performance is exclusively grown on free-standing semi-polar GaN substrates, which are obtained by slicing very thick c-plane GaN along semi-polar orientations. This limits the substrate size to a square of 10×10 mm 2 (ref. [5] [6] [7] , and thus is extremely expensive. Therefore, it would be impractical for industry.
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There is a limited number of reports on overgrowth of semi-polar GaN mainly based on conventional epitaxial lateral overgrowth (ELOG) [8] [9] [10] [11] [12] [13] which generally leads to a non-uniformity issue and requests a thick overgrown layer (typically > 10 µm) in order to achieve an atomically flat surface. In order to address these issues, previously we reported an overgrowth approach based on self-organised nickel nano-masks, leading to a significant improvement in the crystal quality of either semi-or non-polar GaN on sapphire and achieving an atomically flat surface with an overgrown layer of only a few micrometers. 14, 15 Very recently, we have developed another cost-effective approach to the overgrowth of semi-polar GaN on mask-patterned micro-rod arrays on 2" sapphire, where the diameter of micro-rods with a regular patterning can be accurately controlled. On such high quality semi-polar GaN templates, we have achieved high performance semi-polar light emitting diodes (LEDs) with a wide spectral range of up to amber. 16, 17 In this letter, we investigate in detail a mechanism of the defect reduction in the overgrown semi-polar (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) GaN on the regular micro-rod array templates by transmission electron microscopy (TEM) measurements, and a detailed model has been established, essentially allowing us to further improve the crystalline quality of overgrowth semi-polar GaN on sapphire.
A single (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) GaN layer with a thickness of 1.3 µm is grown on m-plane sapphire using our high temperature AlN buffer by metal organic chemical vapor deposition (MOCVD). 18 For subsequent overgrowth, mask-patterned micro-rod arrays have been fabricated on the semi-polar GaN layer. Firstly, a 500 nm SiO 2 layer is deposited by plasma enhanced chemical vapor deposition (PECVD), followed by a standard photolithography patterning process and subsequent dry etching processes using Inductively Reactive Plasma (ICP) and Reactive Ion Etching (RIE) techniques. Regularly arrayed SiO 2 micro-rods can be achieved. Finally, the SiO 2 micro-rods served as a second mask are used to etch the GaN underneath in order to form regularly arrayed GaN micro-rods with the SiO 2 remaining on their top. The micro-rod masks with different diameters from 1.5 to 3 µm have been employed for the fabrication of micro-rod array templates. As an example, Figure 1 2 µm. The subsequent overgrowth process is carried out by MOCVD with a growth temperature, V/III ratio and pressure at 1120
• C, 1600 and 75 Torr, respectively. Please note that the approach is fundamentally different from our previous method based on self-organised nickel nanomasks, 15 where the rod diameter, the shape, the spacing between rods and the orientation of the rod arrays are all randomly distributed. Due to anisotropic growth rates of semi-polar GaN, it would be necessary to maximize the spacing along one particular direction (for example, the projection of c-direction to the surface), and minimize the spacing along another direction (for example, m-direction). These can be achieved only by the present approach. Furthermore, due to an accurate control in the orientation of micro-rod arrays using the present approach, it is expected that the defect reduction mechanism is different from that for the previous self-organized nickel nano-mask approach. Figure 1 
show an evolution of the surface morphology of the overgrown layer on an initial growth stage, demonstrating a change in surface morphology when the growth time is 1000, 2000 and 3000 seconds, respectively. The overgrowth initiates from the exposed sidewalls of micro-rods as shown in Figure 1 (b), and the lateral growth is dominated by the growth along the [0001] direction labelled as c-direction and the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] direction labelled as a-direction. Comparing the lengths of the two growing wings, the c-direction growth is faster than the a-direction growth. Moreover, the growth along the [-1100] direction labelled as m-direction is negligible. After the coalescence of the c-direction growth and the a-direction growth facets, the GaN growth tends to move upward. When the thickness of the overgrown layer exceeds the height of the micro-rods, the growth begins to extend to cover the SiO 2 masks. Although the m-direction growth is slower than the growth along other directions, the specially designed pattern of the micro-rods as shown in Figure 1 (a) compensates the anisotropic growth rate, also facilitating another second coalescence occurring over the SiO 2 masks. Eventually a full coalescence is achieved. A smooth surface can be achieved with the overgrowth of about 4 µm, which is faster than any other conventional ELOG techniques. 19, 20 Initial X-ray diffraction (XRD) measurements have been performed as a function of azimuth angle, exhibiting that the full width at half maximum (FWHM) of on-axis XRD rocking curves measured along the [1-100] and [-1-123] directions is 320 and 260 arcsec, respectively. These represent the best results on semi-polar GaN with a similar thickness grown on sapphire.
The specimens for both cross-sectional and plan-view transmission electron microscopy (TEM) measurements are prepared by initial mechanical lapping/polishing and then ion milling down to electron transparency. TEM measurements have been performed using a Philips EM430 TEM operating at 200 kV. Based on an invisibility criterion, [20] [21] [22] [23] [24] dislocations are out of contrast when the product of a diffraction vector g and a dislocation displacement vector R equals zero, namely, g · R=0 (It would still be possible to observe a weak contrast of dislocations for a very thin specimen in the case of the dislocation unparalleled to its burger vector. This does not apply in our case.); and stacking faults are invisible when the product is an integer, including zero. • to surface) from the GaN micro-rods under the SiO 2 masks have been greatly reduced as a result of the overgrowth on our micro-rod arrays.
The voids in a triangular shape observed in the trenches between the micro-rods are formed as a result of the first coalescence of the c-direction growth facets and the a-direction growth facets from two neighboring micro-rods. The voids extend from the sapphire substrate, confirming that the growth initiates from the exposed sidewalls rather than the bottom of the trenches between micro-rods. It is important because the GaN growth from the bottom needs to be suppressed in order to prevent the defects penetrating from the micro-rods to the overlying structures. Similar to the other overgrowth techniques, the GaN grown laterally along the c-direction exhibits approximately free of dislocations, whereas the GaN grown along the a-direction contains a number of defects. 12, 22 Due to the fact that the c-direction growth rate is faster than the a-direction growth rate, the a-direction growth is eventually stopped by the c-direction growth, terminating the propagation of defects from the a-direction growth. Therefore, the growth conditions favoring the c-facet growth are preferred on the early overgrowth stage, leading to an efficient reduction in dislocations and extended defects. As a result, the majority of the pre-existing dislocations in the GaN micro-rods are effectively prevented from penetrating by both the SiO 2 masks and the c-direction growth. Only a small part of the dislocations along the a-direction propagate to the surface. Furthermore, another kind of voids have also been observed over the SiO 2 mask on the top of each micro-rod as a consequence of the second coalescence along the [-12-10] and [2-1-10] directions as well. It is worth noting that a very small number of extra dislocations are generated due to the 2nd coalescence. Our plan-view TEM image indicates that the overall dislocation density in our overgrown (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) semi-polar GaN is about 4.
, demonstrating a significant reduction in dislocation density from the order of 10 10 cm −2 in the as-grown GaN which is used to fabricate into the micro-rod array template.
Basal stacking faults (BSFs), as extended defects, can be observed along either the [-12-10] or the [2-1-10] zone-axis by tilting 30
• from the [1-100] zone-axis. 23 Figure 3(a) shows a typical bright-field cross-sectional TEM image taken along the [2-1-10] direction with g=1-100, where BSFs appear as straight dark lines with an inclination angle of 58.4
• to the surface. Since the BSFs exist in basal planes, they are impeded by the c-direction growth. As denoted by the red arrows in Figure 3(a) , part of the BSFs along the a-direction are blocked by the adjacent c-direction growth (leading to defect-free regions), which are terminated very likely in the form of PDs and prismatic stacking faults (PSFs), while the rest of the BSFs along the a-direction are found to survive from the first coalescence process and propagate to the surface. This forms the free-BSF regions and the BSF regions distributing in a periodic form along the [-1-123] direction. What also interests us is the appearance of the BSF clusters over the SiO 2 masks, as marked by the blue arrows in Figure 3(a) . To study the origin of these unexpected BSFs, a TEM specimen was particularly prepared by cleaving along a direction schematically illustrated by a dash line labelled as b-b' as shown in Figure 3 (c). Figure 3 (c) also schematically show a distribution of BSFs indicated by the vertical dark lines, which will be explained later. In this case, all the micro-rods belonging to the two neighbouring rows can be observed in a cross-sectional TEM image as shown in Figure 3(b) , while the upper and lower voids cannot be observed. By comparing Figure 3(a) and 3(b) , it can be concluded that the BSF clusters observed on the left side of the SiO 2 masks on each micro-rod in Figure 3 (a) are from a different micro-rod on a neighbouring row. One solid evidence is that the spacing between these BSF clusters is around 1.5 µm, similar to the distance in Figure 3(a) with the cleavage along micro-rod centre to centre, namely, along a dash line marked as a-a' in Figure 3(c) . This is also confirmed by the plan-view TEM image in Figure 3(d) . Figure 3(a) . In addition, the distribution of these BSF clusters shows a repeat of high BSF density areas (labelled with H) and low BSF density areas (labelled with L). It means the BSFs can expand within the basal plane, propagating with a component parallel to the m-direction during the overgrowth above the SiO 2 masks. During the second coalescence process, some BSFs are terminated by a formation of either PDs or PSFs, leading to a further reduction in BSF density. 24 Consequently, this forms one area with a low BSF density (i.e., L region) and another area with a high BSF density (i.e., H region), appearing in a periodic form along the m-direction.
It is worth noting that the locations of the defect-free regions and defect regions depend on layer thickness as schematically shown in Figure 3(c) , as the defects penetrate along the a-direction which is 58
• with respect to the surface. Our plan-view TEM image shows that the average BSF density of our overgrown GaN on a 3.5 µm micro-rod template has been reduced to 4.7×10 4 cm −1 . In order to further optimize the design of our micro-rod mask patterning, a model has been built up to understand the influence of the micro-patterning on defect reduction. Figure 4 Figure 4 (a)). The ratio of this area to the area of integrated line segment AE along the m-direction can be treated as a dislocation remaining ratio. For simplicity, any decrease in dislocation density due to the lateral overgrowth along the a-direction and a very small number of extra dislocations generated during the coalescence processes 11, 25 are not taken into account. Figure 4 (b) shows our simulation result, describing the relationship between the dislocation remaining ratio and micro-rod diameter & spacing between micro-rods, where the height of micro-rods is set as 0.4 and 1.4 µm as two examples, respectively. In both cases as shown in Figure 4 (b), our simulation is limited to a diameter of micro-rods of below 6 µm, as it would be difficult to achieve an atomically flat surface if overgrown on micro-rods with a larger diameter. In Figure 4 (b), the blue area represents a low dislocation remaining ratio while the red area represents a high ratio. There are two low-ratio areas; one is the upper-left corner with a very small micro-rod diameter of below 0.5 µm, and the other one is in the lower-right with a micro-rod diameter of a few micrometers and a micro-rod spacing from 1.5 to 2.5 µm. A conventional photolithography typically uses an ultraviolet lighting source with a wavelength of ∼300 nm, and thus it would be difficult to fabricate rod arrays with a sub-micron diameter. Consequently, it is worth paying attention to the lower-right blue area, where both micro-rod diameter and micro-rod spacing are on a few micrometer scale. By carefully examining Figure 4(b) , the range for the blue area increases when the micro-rod height reduces from 1.4 to 0.4 µm, enhancing the chance for tuning either micro-rod diameter or micro-rod spacing for effectively blocking defect penetration. On the other hand, this also demonstrates that a decrease in the height of micro-rods potentially leads to a further reduction in dislocation density. It has been confirmed by our very recent experiments which show better crystal quality in the semi-polar GaN overgrown on the micro-rods with a height of 0.4 µm compared to the micro-rods with a height of 1.4 µm. A reduction in micro-rod height leads to a decrease in the exposed areas of the sidewalls of the micro-rods for the growth along the a-direction which is beneficial for the defect reduction.
In conclusion, the defect reduction in the overgrown semi-polar (11-22) GaN on regularly arrayed micro-rod arrays has been studied by TEM measurements. It has been found that the majority of the dislocations and BSFs are blocked by the SiO 2 masks and the coalescence processes during the overgrowth. Owing to the faster growth rate along the c-direction than along the a-direction, the defects from the growth along the a-direction are effectively blocked by the growth along the c-direction (the c-direction growth leads to free-defect). In addition, the BSFs have been found to expand within the basal planes, propagating with a component parallel to the m-direction. After the second coalescence over the SiO 2 masks, the BSFs distribute in a periodic form consisting of defect-free regions and defect regions along the [-1-123] direction, where the defect regions compose of low density BSF clusters and high density BSF clusters in a periodic form along the m-direction.
